antigens. Because we do not yet have sufficient VLR and TLR complex structures to make statistically significant conclusions, and the number of LRR modules in TLRs is much greater than in VLRs, it may be too early to infer evolutionary relationships between VLRs and TLRs.
The crystal structure of RBC36-ECD in complex with the H-trisaccharide has provided structural insight into how VLRs recognize their antigens and provides a basis for rational design and modification of other antigen-specific VLRs. This VLR-antigen structure sheds light on the adaptation and evolution of primordial LRR proteins into their more specialized roles in pathogen recognition (e.g., TLRs) by the mammalian innate immune system. Omar A. Itani, 1 Amanda C. Kabel, 1 Christine L. Wohlford-Lenane, 4 Greg J. Davis, 1 Robert A. Hanfland, 5 Tony L. Smith, 5 Melissa Samuel, 6 David Wax, 6 Clifton N. Murphy, 6 August Rieke, 6 Kristin Whitworth, 6 Aliye Uc, 4 Timothy D. Starner, 4 Kim A. Brogden, 7 Joel Shilyansky, 5 Paul B. McCray Jr., 4 Joseph Zabner, 1 Randall S. Prather, 6 Michael J. Welsh 1,3,8 † Almost two decades after CFTR was identified as the gene responsible for cystic fibrosis (CF), we still lack answers to many questions about the pathogenesis of the disease, and it remains incurable. Mice with a disrupted CFTR gene have greatly facilitated CF studies, but the mutant mice do not develop the characteristic manifestations of human CF, including abnormalities of the pancreas, lung, intestine, liver, and other organs. Because pigs share many anatomical and physiological features with humans, we generated pigs with a targeted disruption of both CFTR alleles. Newborn pigs lacking CFTR exhibited defective chloride transport and developed meconium ileus, exocrine pancreatic destruction, and focal biliary cirrhosis, replicating abnormalities seen in newborn humans with CF. The pig model may provide opportunities to address persistent questions about CF pathogenesis and accelerate discovery of strategies for prevention and treatment.
U nderstanding human disease often requires the use of animal models. Mice have been the overwhelming species of choice because methods for specifically altering their genome have been readily available. However, in many cases, mice with targeted gene manipulations fail to replicate phenotypes observed in humans-one example is cystic fibrosis (CF).
In 1938, Dorothy Andersen coined the term "cystic fibrosis of the pancreas" (1) . Over the ensuing years, investigators learned that CF involved many other organs, including the intestine, lung, sweat gland, liver, gallbladder, and male genital tract (2-4). We now know CF to be a common, autosomal recessive disease with a carrier rate of~5% in Caucasians. In 1989, the gene mutated in CF was identified, and its product was named cystic fibrosis transmembrane conductance regulator (CFTR) (5) . Soon thereafter, it was discovered that CFTR is a regulated anion channel that may also affect other transport processes (3) .
Despite many advances, our understanding of CF pathogenesis remains incomplete, thus hindering the development of new therapies. This begs the question: Why have we not made more progress? Whereas superb clinical research has guided thoughts about CF, interpretations about pathogenesis are often based on observations ob-tained long after the disease onset, and many studies cannot be carried out in humans. Cellbased models have also proven valuable for research (6) but are limited because the disease involves a whole organism. Gene-targeted mouse models have likewise been instructive about CF, yet the mutant mice do not develop the pancreatic, airway, intestinal, or liver disease typically found in humans (7) (8) (9) .
To develop a new CF model, we chose pigs because in terms of anatomy, biochemistry, physiology, size, life span, and genetics, they are more similar to humans than are mice (10, 11) . We used homologous recombination in fibroblasts of outbred domestic pigs to disrupt the CFTR gene and somatic cell nuclear transfer to generate CFTR +/-pigs (12).
At sexual maturity (~6 to 7 months), female CFTR +/-pigs were bred to CFTR +/-males. Six litters produced 64 piglets. Genotyping (Fig. 1A) animals, a ratio not significantly different from the expected ratio of 1:2:1 (13) . Figure 1B shows the first litter. Birth weights varied but did not segregate by genotype (Fig. 1C) . The piglets looked normal at birth, and their genotype could not be discerned by appearance. A normal appearance is consistent with findings in humans.
Northern blot analysis and quantitative reverse transcription polymerase chain reaction (RT-PCR) did not detect normal CFTR transcripts (Fig. 1A) . Immunoprecipitation detected no normal CFTR protein. Like human CFTR (14, 15) , in wild-type (WT) tissue the porcine protein localized apically in airway epithelia and ileal crypts (Fig. 1D) .
We assessed CFTR function in vivo by measuring transepithelial voltage (Vt) across nasal epithelia (16) (Fig. 1, E 
-/-piglets. These data reveal the loss of CFTR Cl -channel activity in newborn CFTR -/-pigs. Whereas the lack of data from newborn humans precludes a direct comparison, our data qualitatively match those from adults and children with CF (16) .
What phenotypes would be expected if newborn CFTR -/-piglets model human disease? Figure  2A shows some human CF phenotypes and the time spans when they become clinically apparent (3, 19) . The earliest manifestation (hours to 2 days) is meconium ileus, an intestinal obstruction occurring in~15% of CF infants (2, 3, 19, 20) . Obstruction can occur throughout the small intestine or colon, but it is most often observed near the ileocecal junction. Distal to the obstruction, the bowel is small and atretic (microcolon). Intestinal perforation in utero or postnatally occurs in some infants.
Newborn CFTR -/-piglets failed to pass feces or gain weight (Fig. 2B) . By 24 to 40 hours of age, they stopped eating, developed abdominal distension, and had bile-stained emesis, which are clinical signs of intestinal obstruction. We examined histopathology between birth and 12 hours in piglets that had not eaten and between 24 and 40 hours in piglets that were fed colostrum and milk replacer. Except as noted, the pathologic changes refer to the earlier time period. After 30 to 40 hours, the stomachs of CFTR -/-piglets contained small amounts of green, bile-stained milk (Fig. 2C) . The proximal small intestine was dilated by small amounts of milk and abundant gas. The site of obstruction ranged from mid-distal small intestine to proximal spiral colon, the anatomical equivalent of the human ascending colon. Perforation and peritonitis occurred in some piglets. Dark green meconium distended the CFTR -/-intestine, and adjacent villi showed degeneration and atrophy, whereas CFTR +/+ ileum had long villi (Fig. 2D) . Distal to the meconium, luminal diameter was reduced with mild-to-severe mucinous hyperplasia, including mucoid luminal "plugs" (Fig. 2E ). These changes replicate those seen in humans with CF (3, 19) . The penetrance of meconium ileus was 100% in CFTR -/-piglets versus~15% in human CF. Potential explanations for this difference include a restricted genetic background in our pig model versus that in humans, a null mutation in the pigs versus mutations in humans that might yield tiny amounts of protein function, and anatomical or physiological differences [see footnote F1 in (13) ].
Exocrine pancreatic insufficiency afflicts 90 to 95% of patients with CF (1-4, 19, 21, 22) . The porcine CFTR -/-pancreas was small (Fig. 3A) , and microscopic examination revealed small, degenerative lobules with increased loose adipose and myxomatous tissue, as well as scattered-tomoderate cellular inflammation (Fig. 3, B and C) . Residual acini had diminished amounts of eosinophilic zymogen granules (Fig. 3D) . Centroacinar spaces, ductules, and ducts were variably dilated and obstructed by eosinophilic material plus infrequent neutrophils and macrophages mixed with cellular debris (Fig. 3E ). Ducts and ductules had foci of mucinous metaplasia. Pancreatic endocrine tissue was spared (Fig. 3C) . These changes are similar to those originally described by Andersen and others (1, 19, 21) in their studies of human CF.
Humans often require surgery to relieve meconium ileus (3). We performed an ileostomy on one CFTR +/+ piglet and three CFTR -/-piglets. Because of technical problems in postoperative care, only one piglet (genotype CFTR -/-) out of the four recovered. Once newborn infants recover from meconium ileus, the course of their disease resembles that in other patients. Likewise, the piglet grew and went on to develop pancreatic insufficiency. At 10 weeks, the piglet had an episode resembling "distal intestinal obstruction syndrome," which was successfully treated as in humans (3) [also see footnote F2 in (13) ]. Although these observations were based on a single animal, they bore a marked resemblance to clinical observations of human CF.
Focal biliary cirrhosis is the second most common cause of CF mortality (3, 20, 23) . The porcine CFTR -/-liver revealed infrequent, mild-tomoderate hepatic lesions (Fig. 3F) . Chronic cellular inflammation, ductular hyperplasia, and mild fibrosis were typical of focal biliary cirrhosis. Gallbladder abnormalities, including gallstones, occur in 15 to 30% of patients, and a small gallbladder is a common autopsy finding (3). Similarly, porcine CFTR -/-gallbladders were small and often filled with congealed bile and mucus (Fig.  3, G and H) . Epithelia showed diffuse mucinous changes with folds extending into the lumen.
Approximately 97% of males with CF are infertile (3); the vas deferens is often normal at birth, and obstruction is thought to cause progressive deterioration [see footnote F3 in (13) ]. In all piglets, the vas deferens appeared to be intact. Paranasal sinus abnormalities occur in most chil- porcine paranasal sinuses showed no abnormalities, this negative result is difficult to interpret because it is unclear when sinus disease develops in humans. The salivary glands, nasal cavity, esophageal glands, kidney, heart, striated muscle, spleen, adrenals, eyes, brain, skin, and eccrine sweat glands on the snout revealed no abnormalities in CFTR -/-piglets. In all tissues, we observed no differences between WT and heterozygous CFTR +/-animals. Lung disease is the major cause of CF morbidity and mortality (2) (3) (4) . The onset of clinical respiratory manifestations varies, with some patients developing symptoms a few months after birth and others after several years. Eventually, most patients develop chronic airway infection and inflammation that destroy the lung. The lungs of neonatal CFTR -/-piglets appeared similar to those of their WT littermates. CFTR -/-lungs lacked evidence of cellular inflammation in airways or parenchyma (Fig. 4A) . Airway epithelia and submucosal glands appeared similar in all three genotypes, and we found no evidence of dilated or plugged submucosal gland ducts [see footnote F4 in (13)] (Fig. 4B ). Bronchoalveolar lavage 6 to 12 hours after birth showed no evidence of infection, and there were no significant differences between cell counts or levels of interleukin-8 (IL-8) across genotypes (figs. S2 and S3) (13) .
Whether airway inflammation precedes infection in CF patients or vice versa has been a persistent question. Studies of bronchoalveolar lavage in infants and young children have both supported and argued against the presence of inflammation (increased IL-8 and neutrophilia) without infection (24, 25) . In vitro airway epithelial models have also given conflicting results (26, 27) . Studies of human fetal trachea transplanted into mice suggested inflammation might occur in developing CF airways (28) . Although our data do not resolve this controversy, we had the advantage of studying lungs between birth and 12 hours of age, and we found no evidence of abnormal infection or inflammation. Tracking the lungs as CFTR -/-piglets are exposed to additional environmental challenges may inform our understanding of how respiratory disease develops in children and young adults.
The clinical, electrophysiological, and pathological findings in newborn CFTR -/-pigs were markedly similar to those in human neonates with CF (table S1) (13) . Abdominal lesions dominate the initial presentation in both, with identical appearance of meconium ileus and exocrine pancreatic destruction. In addition, as in humans, the piglets have hepatic changes consistent with early focal biliary cirrhosis and abnormalities of the gallbladder and bile ducts. The lack of abnormalities in the vas deferens and lungs at birth is another similarity. Overall, these encouraging results suggest that the pig model may provide investigators with further opportunities to study CF and develop strategies for prevention and treatment.
